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MICROMETEOROID SATELLITE (EXPLORER XI11 ) STAINLESS-STEEL 

PENETRATTON RATE EXPERIMENT 

By S taf f  of the L e w i s  Research Center 

SUMMARY 

An experiment t o  assess  t h e  meteoroid hazard t o  t h i n  s t a i n l e s s - s t e e l  skin 
material w a s  flown as p a r t  of t h e  Explorer X I 1 1  satellite. 
square f e e t  consis t ing of 3- and 6-mil-thick AIS1 304 s t a i n l e s s - s t e e l  segments 
was exposed in space f o r  a period of approximately 3 days. 
t r a t i o n s  i n  t h e  exposed area  during the  data gathering l ifetime of t h e  experi- 
ment. This repor t  describes t h e  development o f  t h e  experiment and t h e  conclu- 
sions drawn f r o m t h e  s a t e l l i t e ' s  b r i e f  l i fe t ime i n  o r b i t .  

A t o t a l  area of 3.75 

There w e r e  no pene- 

INTRODUCTION 

One primary concern f o r  space vehicles i s  t h e  meteoroid hazard. Meteoroid 
p a r t i c l e s  present a ser ious space hazard because, although they  a r e  infrequent, 
they  have tremendous penetrating power a t  t h e i r  very high v e l o c i t i e s .  The con- 
cern i n  regard t o  t h e  hazard stems from studies of the  protect ion required t o  
reduce t h e  probabi l i ty  of mission f a i l u r e  t o  acceptable values. 
show t h a t  t h e  hazard  is, i n  general, common t o  a l l  space systems and takes on 
added importance as the areas  and times of exposure become greater .  

These s tudies  

The d e s i r e  f o r  experiments t o  measure the hazard  d i r e c t l y  resu l ted  because 
e a r l y  estimates of the  hazard were based on a synthesis of re la ted,  bu t  not 
d i r e c t l y  applicable,  data. The e a r l y  estimates of t h e  magnitude of t h e  hazard 
were based primasily on (1) meteoroid veloci ty  data obtained from radar and 
te lescopic  surveys of t h e  l a r g e r  p a r t i c l e s  entering t h e  e a r t h ' s  atmosphere, 
( 2 )  p a r t i c l e  dens i ty  estimates, which give values t h a t  vary by more than an order 
of magnitude depending on the  assumptions, (3) p a r t i c l e  flux rates obtained f o r  
very small p a r t i c l e s  by s a t e l l i t e s  (pr imari ly  microphone da ta)  or extrapolations 
of ground-based radar surveys of large par t ic les ,  and s o  for th ,  and ( 4 )  labora- 
t o r y  hy-pervelocity impact s tudies ,  which, i n  general, a r e  not i n  t h e  meteoroid 
v e l o c i t y  range. 
when conibined t o  estimate t h e  magnitude of the meteoroid hazard. The combined 
uncer ta in t ies  gave penetration r a t e  estimates t h a t  var ied by as much as a f a c t o r  
of 1000 or more. 
measure the  hazard d i rec t ly .  

The uncertaint ies  i n  t h e  aforementioned data were compounded 

The only l o g i c a l  means t o  eliminate t h i s  uncertainty w a s  t o  

Various methods can and w i l l  be  used t o  obtain t h e  desired information; 
however, s a t e l l i t e s  are most a t t r a c t i v e  f o r  the i n i t i a l  e f f o r t s  pr imari ly  be- 



cause a large area-time product of exposure i n  space can be obtained. 
exposed area t o  record penetrat ions and a long exposure time a r e  required t o  
obtain s t a t i s t i c a l l y  s ign i f icant  amounts of data. 

A l a r g e  

Explorer X I 1 1  w a s  t h e  f i r s t  s t e p  i n  t h e  program t o  evaluate t h e  hazard d i -  
r e c t l y ,  
severely l imited i n  the  amount of surface area t h a t  could be exposed as wel l  as 
i n  the number of telemetry channels avai lable .  Consequently, t h e  experiments 
aboard Explorer MI1 (and, i n  par t icu lar ,  t h e  one described i n  t h i s  report)  
represent a considerable compromise compared with the experiments u l t imate ly  de- 
sired. 
ing t h e  meteoroid hazard d i r e c t l y  i s  beyond the  scope of t h i s  report ;  however, 
t h e  general philosophy of eqer iments  t o  evaluate t h e  hazard d i r e c t l y  has been 
presented i n  references 1 and 2. 
posed by Explorer XIII, the points of view adopted in t h e  development of t h e  ex- 
periment described i n  t h i s  sect ion were (1) t o  attempt t o  obtain a t  l e a s t  some 
crude estimate of t h e  hazard  f o r  a s t r u c t u r a l  mater ia l  of general  i n t e r e s t ,  and 
( 2 )  t o  develop techniques t o  be used in t h e  fu ture  on e i t h e r  larger, more so- 
phis t icated experiments or i n  a "hitchhiking" capacity on other payloads. 

It should b e  noted i n  t h i s  regard that t h e  Explorer X I 1 1  experiment w a s  

Unfortunately, a complete discussion of the  general  problem of evaluat-  

I n  l i g h t  of t h e  experimental r e s t r i c t i o n s  im- 

D E S C R I F T I O N  OF ELSPERIMENT 

The purpose of t h e  experiment w a s  t o  de tec t  meteoroid penetrat ion of a sur- 
face  of known mater ia l  and thickness.  
exposed was selected because of t h e  general  i n t e r e s t  i n  a u s t e n i t i c  s t a i n l e s s  
s t e e l  for  space vehicles.  
posed were as follows! 

The s t a i n l e s s - s t e e l  (AIS1 304) mater ia l  

The respect ive areas and thicknesses of material ex- 

(1) 3 square f e e t  of 3-mil s t a i n l e s s  s t e e l  

( 2 )  0.75 square foot  of 6 - m i l  s t a i n l e s s  s t e e l  

These surfaces were expected t o  be oriented randomly in space, because t h e  
s a t e l l i t e  was expected t o  tumble during most of i t s  operating l i fe t ime.  

The element used t o  de tec t  penetrat ion of t h e  s t a i n l e s s  s t e e l  w a s  a very 
f i n e  gold g r i d  t h a t  had e l e c t r i c a l  continuity,  The dimensions and d e t a i l s  of 
t h i s  g r i d  a r e  shown i n  f i g u r e  1. The f i n e  gold g r i d  w a s  bonded t o  a d i e l e c t r i c  
(Mylar) material, which, i n  turn,  w a s  bonded t o  t h e  r e a r  ( o r  unexposed) surface 
of t h e  s ta in less  s t e e l ,  A photograph of t h e  sensor mounted on s t a i n l e s s  s t e e l  
with l e a d  wires attached is shown i n  f i g u r e  2, Penetration of t h e  m e t a l  surface 
covering t h i s  g r i d  ruptures t h e  gr id  and destroys i t s  e l e c t r i c a l  continuity.  
This change in  cont inui ty  r e s u l t s  i n  a res i s tance  change in  t h e  telemetry c i r -  
c u i t  t h a t  modifies t h e  frequency of one of t h e  transmitted tone bursts. The 
development and usefulness of t h i s  sensor are discussed i n  d e t a i l  i n  appendix A. 

The 3- and 6-mil surfaces exposed were segmented i n t o  smaller areas,  and 
these areas were monitored f o r  penetration by means of t h e  aforementioned sen- 
sor. The experimental approach followed i n  t h i s  p a r t i c u l a r  experiment con- 
s i s t e d  i n  employing a censored l i f e  t es t  i n  which, i f  a segment of t h e  exposed 
surface received a puncture, t h e  sensor associated with t h a t  segment would be- 
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come inoperative.  
quires  power only during interrogation. This fea ture  w a s  considered desirable  
for t h i s  e a r l y  experiment where it might not always be possible  t o  interrogate  
t h e  system as often as wished and where data could be l o s t  because of poor recep- 
t i o n  once t h e  s a t e l l i t e  interrogat ion w a s  in i t ia ted .  Within the design r e s t r i c -  
t i o n s  imposed, it was possible t o  segment the  3-mil surface i n t o  32 segments and 
t h e  6-mil surface i n t o  1 2  segments. (The segment areas used were e i t h e r  9 or 18 
sq i n . )  
a r e  de ta i led  i n  appendix B. 

This type of experiment has a se l f - s tor ing  fea ture  and r e -  

The r e s t r i c t i o n s  imposed on t h e  experiment i n  t h i s  and other respects  

The manner i n  which t h e  individual  segments were grouped by telemetry chan- 
n e l  i s  shom i n  t a b l e  I. 
s t ruc ture  ( s e e  f i g .  3 ( a ) ) ;  t h e  physical order of mounting i s  shown i n  f i g -  
ure 3(b) i n  a developed view. 
sensors, four  thermistors f o r  surface temperature measurements were located as 
indicated i n  f i g u r e  3(b),  

The segments were mounted on a cy l indr ica l  support 

I n  addi t ion t o  the segments with t h e i r  associated 

The data from the  gold gr id  sensor experiment a r e  summarized i n  t a b l e  11. 
Before t h e  implications of these  data a r e  discussed, c e r t a i n  f a c e t s  of t h e  ex- 
perimental r e s u l t s ,  which a r e  important t o  t h e i r  in te rpre ta t ion ,  should b e  
noted: 

(1) Explorer X I 1 1  did not achieve design orb i t ,  
over 2 days, whereas i t s  intended l i fe t ime was  upwards of 6 months. 

I t s  l i fe t ime was  a l i t t l e  

( 2 )  The la rge  departure f r o m t h e  design orb i t  made it d i f f i c u l t  t o  f i n d  t h e  
s a t e l l i t e  and f i x  onto it f o r  interrogat ion purposes. This resu l ted  i n  usable 
data being obtained f o r  only those orb i t s ,  or pass numbers, shown in t a b l e  11. 
It should b e  noted, in par t icu lar ,  that a l l  channels were not  successful ly  in- 
terrogated u n t i l  the  ninth orb i t ,  (pass number s), approximately 15.6 hours 
a f t e r  launch. 

(3)  0n1y one sensor l o s t  cont inui ty  (an indication of a penetration) during 
t h e  time the  s a t e l l i t e  transmitted data, The sensor t h a t  l o s t  cont inui ty  w a s  
associated with one of the  3-mil-thick segments, as indicated by t h e  fact that 
only seven sensors i n  c h a n n e l 1  indicated continuity ( s e e  t a b l e  11). 
been determined from data not shown i n  t a b l e  I1 t h a t  t h e  loss of cont inui ty  oc- 
curred during t h e  launch phase and, therefore ,  should be ignored when the  data 
are being analyzed, 

It has 

The data shown i n  t a b l e  I1 cannot be used t o  estimate a rate of penetrat ion 
f o r  t h e  3- and 6-mil s t a i n l e s s - s t e e l  materials exposed; however, t h e  phenomenon 
of a surface i n  space being penetrated b y  a meteoroid can b e  though of as a 
s t a t i s t i c a l  phenomenon. If t h e  penetrations are cons-ld-ered t o  be a s t a t i s t i c a l  
phenomenon, t h e  data i n  table I1 can be used t o  estimate a reasonable upper 
l i m i t  for t h e  r a t e s  of penetration when t h e  random pat te rn  of events is  known. 
Unfortunately, t h e  random behavior o f  meteoroid events has not been wel l  estab- 
l i shed  f o r  a l l  c lasses  of par t ic les .  The common assumption i s  t h a t  Poisson 
s t a t i s t i c s  describe t h e  meteoroid population, referred t o  as the  sporadic back- 
ground, because t h i s  assumption seems physically reasonable. The data reported 
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i n  reference 3 support the  aforementioned assumption; however, the  data reported 
i n  reference 4 do not  support it. 
random deviation i n  t h e  r a t e  a t  which events were observed w a s  much grea te r  than 
t.ha.t of a Poisson d is t r ibu t ion .  The i n t e r p r e t a t i o n  proposed f o r  t h e  data of 
reference 4 w a s  t h a t  a t r u l y  sporadic background does not e x i s t ,  but  rather t h a t  
a background made up of numerous sporadic showers i s  indicated.  It i s  apparent 
f r o m t h e  r e s u l t s  of t h e  invest igat ions reported i n  references 3 and 4 t h a t  t h e  
s ta t is t ical  phenomena t h a t  describe the  meteoroid population have not  been es -  
tabl ished with any degree of cer ta inty.  

The data of reference 4 indicated t h a t  t h e  

For purposes of analyzing t h e  data f r o m t h e  experiment reported herein, it 
has been assumed t h a t  Poisson s t a t i s t i c s  a r e  applicable.  This assumption w a s  
made primarily because t h e  Poisson r e l a t i o n s  a r e  easily handled and because t h e  
available data do not d e f i n i t e l y  r e f u t e  t h i s  physical ly  reasonable assumption. 

The r a t e s  of penetrat ion corresponding t o  various assigned values of sur- 
v i v a l  probabi l i ty  f o r  the  3- and 6-mil surfaces  were calculated by means of t h e  
following Poisson re la t ion1  

where 

P, survival probabi l i ty  (assigned) 

r mean or average penetrat ion r a t e  (calculated)  

a exposed area,  sq ft ( see  t a b l e  I) 

t time of exposure, hr ( see  t a b l e  11) 

The calculated points  a r e  shown i n  f igure  4 f o r  surfaces 1 and 2. The rates 
corresponding t o  assigned survival p r o b a b i l i t i e s  are indicated by t h e  syxibols. 

Shown a l s o  i n  f igure  4 are t h e  r a t e s  for assigned survival p r o b a b i l i t i e s  
f o r  a material  thickness (surface 3) of 9.8 mils. This thickness corresponds t o  
t h a t  used i n  an experiment conducted by t h e  Goddard Space F l ight  Center with 
Vanguard 111. (These r e s u l t s  a r e  presented here because they c lose ly  complement 
the r e s u l t s  of t h e  Explorer X I 1 1  experiment.) The material ,  area, and time of 
exposure f o r  t h i s  experiment a r e  given i n  t a b l e  I11 along with t h e  exposure r e -  
s u l t s .  (This information w a s  previously presented i n  re f .  2. ) It should be 
noted that t h e  mater ia l  exposed b y  Vanguard I11 w a s  27-mil-thick magnesium. I n  
order t o  compare the  data of t a b l e  I11 with t h a t  of t a b l e  I1 it w a s  necessary t o  
convert the  magnesium thickness t o  an equivalent s t a i n l e s s - s t e e l  thickness 
(9 .8  m i l s )  on the  basis of assumption ( 4 )  i n  the  following paragraph. 

Three estimated r a t e  curves ( a l s o  shown i n  f i g .  4) w e r e  constructed from 
the  following assumptions : 

(1) Flux r a t e s  

Curve I - Whipple's mass-flux r e l a t i o n  ( r e f .  5) 
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Curve I1 - McCracken, e t  al . ,  mass-flux r e l a t i o n  ( r e f .  6) 

Curve 111 - Watson's mass-flux r e l a t i o n  ( r e f .  7) 

( 2 )  Impact veloci ty ,  15 kilometers per second 

(3) Micrometeoroid density, 2.7 grams per cubic centimeter 

(4) summer * s penetration c r i t e r i a  (ref. 8 ) for  quas i - inf in i te  t a r g e t s  multi-  
t i p l i e d  by 1.5, where 1.5 i s  a thin-sheet correct ion based on t h e  re- 
s u l t s  reported i n  reference 9 

The rate estimates shown i n  figure 4 as curves I t o  111, represent flux 
r a t e s  i n t o  t h e  e a r t h ' s  atmosphere. I n  calculat ing t h e  r a t e s  associated with t h e  
probabi l i t i es ,  no area exposure correct ions were made t o  t h e  area values shown 
i n  tables I1 and 111 for surface configuration, or ien ta t ion  i n  space, e a r t h  
shielding e f f e c t s ,  and s o  for th ,  The probabi l i ty  r a t e s  are therefore  lower by a 
f a c t o r  ranging from a t  l e a s t  2 t o  4 than t h e  estimated rates of curves I t o  111; 
however, applying a correct ion t o  t h e  s a t e l l i t e  data  would not  a l t e r  t h e  con- 
clusions t o  be drawn from the data.  For t h i s  reason and because no simple l o g i -  
c a l  correct ion procedure w a s  available,  t h e  t o t a l  area of t h e  respective th ick-  
ness exposed w a s  used i n  calculat ing t h e  probabi l i ty  rates. 

I n  i n t e r p r e t i n g  figure 4, it i s  necessary t o  remember t h a t  none of t h e  sur- 
faces  exposed experienced a penetration. 
reasonably high survival probabi l i ty  f o r  t h e  surfaces both individual ly  and col- 
l ec t ive ly .  The survival probabi l i ty  t o  be selected as reasonable is, of course, 
a matter of personal choice. 
cates  that t h e  r a t e  estimates given by curve 1 are pessimist ic  because they  
produce very low survival probabi l i t i es  for the exposed surfaces. 
if the  combined survival probabi l i t i es  are  considered ( i . e . ,  t h e  product of 
survival p r o b a b i l i t i e s  of surfaces 1 t o  3), curve I1 a l s o  results, i n  general, 
in  low survival probabi l i t ies .  I n  par t icu lar ,  curve I1 appears t o  give rate 
estimates t h a t  a r e  too  high f o r  t h e  thinner surfaces. Curve I11 seems t o  be t h e  
most r a t i o n a l  estimate of t h e  r a t e s  based on the exposure data avai lable .  A s  a 
point  of i n t e r e s t ,  t h e  conibined survival probabi l i ty  of t h e  t h r e e  surface thick-  
nesses invest igated would be 2X10-4, 4 ~ l O ' ~ ,  and 0.97, if  t h e  penetrat ion rates 
were those indicated by curves I t o  111, respectively. 

Therefore, it i s  l o g i c a l  t o  assume a 

Within t h e  preceding context then, figure 4 indi-  

I n  past icular ,  

The data obtained by t h e  experiment a r e  of l imited value primarily because 
The usefulness of the  data l i e s  i n  es tab l i sh ing  

The kinds of  data  required t o  

no penetrat ions were recorded. 
upper limits t o  t h e  rates expected, but  the  data cannot b e  used t o  determine the  
a c t u a l  r a t e s  prevai l ing or t o  s e t  a lower l i m i t .  
e s t a b l i s h  r a t e s  and t h e i r  var ia t ions  have been discussed i n  d e t a i l  i n  refer- 
erence 1. 

There a r e  some aspects of t h e  information shown i n  f i g u r e  4 that require  
comment. The mass-flux r e l a t i o n  used i n  constructing curve I1 w a s  based on 
s a t e l l i t e  microphone data. This detection system is thought t o  b e  momentum 
sensi t ive,  based on ca l ibra t ion  data f o r  low-velocity impacts. (The pulse 
s t rength or response w a s  found t o  be a l i n e a r  function of impact momentum, and 
these  r e s u l t s  w e r e  assumed t o  hold for impacts a t  micrometeoroid v e l o c i t i e s . )  
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The pulse l e v e l  measured b y  t h e  microphone i n  space i s  converted t o  a mass 
measurement for t h e  impacting p a r t i c l e s  by assuming an average v e l o c i t y  of i m -  
pact  (usual ly  30 km/sec) . 
t h e  da ta  from t h e  micrnFhone exyeriment do r e p e s e n t  e s s e n t i a l l y  t h e  only  d i r e c t  
measurements of f l u x  r a t e s  f o r  t h e  s i z e  p a r t i c l e s  t h a t  are most l i k e l y  t o  pene- 
t r a t e  t h e  material thicknesses exposed by Explorer X I I I .  The f l u x  rates associ-  
a ted  w i t h  curves I and I11 a r e  based on extrapolations from meteor-survey re- 
s u l t s ,  which involve l a r g e r  mass p a r t i c l e s .  Assumptions a r e  a l s o  necessary t o  
convert these observations i n t o  estimates of f l u x  as a function of mass. A f u l l  
discussion of these considerations is, however, beyond the  scope of t h i s  report ,  
bu t  they are discussed more f u l l y  i n  references 1 and 2. 

Although t h e  microphones do not measure mass d i r e c t l y ,  

It was noted in  t h e  discussion of f i g u r e  4 t h a t  curve I11 may be a reason- 
able estimate of t h e  r a t e s  t o  expect. If the f l u x  r a t e s  reported f o r  t h e  micro- 
phone data a r e  correct,  rates as low as curve 111 would not  be an t ic ipa ted  un-  
l e s s  t h e  damage caused by micrometeoroids is  much l e s s  than estimated. A temp- 
t a t i o n  ex is t s  Fn t h e  aforementioned regard t o  assume t h a t  the  p a r t i c l e s  may be 
of very low densi ty  as postulated by Whipple, Beard, and Opikj however, it would 
be ra ther  rash  t o  infer t h a t  t h e  p a r t i c l e s  have very low densi ty  based on t h e  
meager amount of data  present ly  avai lable .  Such an inference would introduce 
d i f f i c u l t i e s  i n  physical ly  explaining how low-density p a r t i c l e s  of such small 
dimensions could e x i s t  i n  the  s o l a r  system (see,  e.g., ref. 10). It would a l s o  
be necessary i n  t h i s  regard t o  demonstrate t h a t  low-density p a r t i c l e s  lack t h e  
penetrating power of denser p w t i c l e s  of equal mass. 
t h a t  t h e  shor t  exposure t i m e  of Explorer XIII  surfaces occurred during a period 
of unusually low meteoroid a c t i v i t y ;  however, s ince Vanguard I11 data  covered a 
period of 72 days, t h e  short  exposure t i m e  thus could not be explained on t h i s  
bas i s .  Another p o s s i b i l i t y  t h a t  seems p laus ib le  i s  t h a t  previous s a t e l l i t e  data  
may undergo some adjustment once the microphone devices receive more complete 
cal ibrat ion.  Complete ca l ibra t ion  of these  devices has not been possible  i n  t h e  
past ,  because v e l o c i t i e s  i n  the  meteoroid range were not obtainable i n  t h e  labo- 
r a t o r y  and t h e r e  have been other problems associated with these devices, such as 
thermal creaking. Other explanations or speculations could be put forward t o  
explain t h e  r e s u l t s  observed. 
too  great,  or  damage c r i t e r i a  developed f o r  p a r t i c l e s  th ree  orders of magnitude 
grea te r  than those expected t o  b e  encountered a r e  not v a l i d  when applied i n  e s t i -  
mating r a t e s  of penetration. It i s  qui te  apparent, however, that t h e r e  i s  a 
need f o r  experimental data with more s t a t i s t i c a l  significance,  s o  t h a t  it w i l l  
not be necessary t o  r e s o r t  t o  conjecture. A word of caution i n  one other r e -  
spect should be expressed i n  regard t o  the  Explorer X I 1 1  data. 
gee of Explorer X I 1 1  over i t s  usefu l  l i f e  was l e s s  than 113 kilometers, an a l t i -  
tude a t  which meteoroid p a r t i c l e s  begin t o  i n t e r a c t  r a t h e r  d r a s t i c a l l y  with the  
e a r t h ' s  atmosphere ( i . e . ,  meteor s ight ings normally occur i n  an a l t i t u d e  range of 
from 80 t o  110 km). The data  may not be representat ive,  therefore ,  of r e s u l t s  a t  
grea te r  perigee. Some of the ephemeris data  f o r  the s a t e l l i t e  were as follows: 

It might be conjectured 

For example, the assumed impact ve loc i ty  may be 

The average p e r i -  



Apogee, km 
Perigee, km 
Period, min 
Eccent r ic i ty  
Incl inat ion,  deg 
Argument of perigee, deg 

I n i t i a l  o r b i t  
based on 

minitrack data 

1147 
112.8 
97.25 

0.07379 
37.68 
180.9 

Predicted 

980.1 
452.6 
99.06 

0.03713 
37.68 
108.4 

The skin temperatures recorded f o r  t h e  Explorer X I 1 1  package while i n  o r b i t  
a r e  shown i n  t a b l e  I1 and f igure 5. 
trace a t r u e  temperature-time h i s t o r y  f o r  the package. 
f i c u l t  t o  give a physical explanation f o r  the differences between t h e  individual  
thermistor readings, s ince t h e  s a t e l l i t e  reportedly had not s t a r t e d  t o  tunible i n  
orb i t .  It i s  questionable, therefore,  t h a t  the differences indicated are r e a l .  
It i s  more l ikely that the  differences noted a r e  due t o  imperfect matching of 
thermistor charac te r i s t ics  ( see  appendix B) and telemetry system ef fec ts .  
high i n i t i a l  temperatures a r e  undoubtedly due t o  aerodynamic and rocket heating 
during ascent t o  orb i t .  The increasing temperatures toward t h e  end of t h e  
s a t e l l i t e  l i f e  a r e  probably due t o  atmospheric drag heating a t  perigee caused by 
t h e  rap id ly  decaying orb i t .  The temperatures achieved were s a t i s f a c t o r y  operat- 
ing temperatures with exception perhaps of t h e  temperatures immediately after in- 
i n j e c t i o n  i n t o  orb i t .  

Unfortunately, the data a r e  too  sketchy t o  
I n  addition, it i s  d i f -  

The 

The maximum temperature experienced during launch w a s  estimated t o  be 
115' F. 
appendix C ) .  
have been adequate for both launch and o r b i t  phases of f l i g h t .  

This w a s  well below t h e  150' F maximum temperature l i m i t  specif ied (see 
The t h e m 1  control measure for t h e  package, therefore,  appear t o  

CONCLUSIONS 

The data obtained from t h e  s ta in less -s tee l  penetration r a t e  experiment 
floim on Explorer X I 1 1  are limited; however, when combined with penetrat ion data  
from Vanguard 111, some conclusions can be drawn. Whipple's mass-flux d i s t r i b u -  
t i o n  and McCracken, e t  al.  mass-flux d is t r ibu t ion  along with the following as- 
sumptions: (1) meteoroid density, 2.7 grams per cubic centimeter, (2) meteoroid 
veloci ty ,  15 kilometers per second and (3)  Summers' penetration c r i t e r i a  y i e l d  
predicted rates of penetrat ion that a r e  probably t o o  high. Predicted penetra- 
t i o n  r a t e s  based on Watson's mass-flux dis t r ibu t ion  and t h e  preceding assump- 
t i o n s  appear t o  be more reasonable than the others. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 14, 1963 
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APPENDIX A 

Sensor Design Philosophy 

The basic  purpose of t h e  desired sensor i s  t o  de tec t  meteoroid penetrat ion 
of a surface of known mater ia l  and thickness.  I n  general, there  are a l imited 
number of physical  p r inc ip les  that can be employed t o  measure a penetration. 
The pr inciple  employed in t h i s  experiment has been described previously i n  t h e  
sect ion DESCRIPTION OF EXPERIMENT. 

Some of the  reasons t h e  gold g r i d  sensor w a s  developed a r e  a~ follows: 

(1) Light weight 

( 2 )  A b i l i t y t o  be used t o  sense penetrations through almost any type of 
mater ia l  

(3) Adaptabili ty t o  almost any configuration 

(4 )  Adaptabili ty t o  a wide v a r i e t y  of telemetry and data-handling systems 

(5) LOW power consumption 

( 6 )  Self-s tor ing fea ture  

(7)  Simplicity and r e l i a b i l i t y  

(8) Adaptabili ty t o  f u t u r e  vehicles  with expandable surfaces 

I n  addition t o  these features ,  the  following considerations were important i n  
select ing a sensor: 

(1) It should be able  t o  de tec t  t h e  smallest  hole caused by complete pene- 
t r a t i o n  of t h e  t e s t  specimen. 

( 2 )  It should not have an appreciable e f f e c t  on penetration of t h e  t e s t  
specimen. 

(3) It should not  record meteoroid impacts t h a t  do not r e s u l t  i n  penetra- 
t i o n  of the t es t  specimen. 

( 4 )  It must b e  rugged enough t o  withstand launch conditions and t h e  space 
environment. 

Sensor Development 

The Sensor used i s  shown i n  figures 1 and 2.  It is  an e q u i l a t e r a l  t r i a n g l e  
with s i d e s  4.57 inches long and an e f f e c t i v e  a rea  of 9 square inches. Grid 

8 



dimensions selected were 0.002-inch-wide l ines  and 0.002-inch-wide spaces. If 
an impact i s  centered on a space, t h e  minimum hole s i z e  t h a t  would ensure rup- 
t u r i n g  one gr id  l i n e  i s  0.006 inch i n  diameter. The minimum s i z e  hole r e s u l t i n g  
from complete penetrat ion of 0.003-inch-thick mater ia l  w a s  estimated t o  be of 
t h i s  order; therefore ,  these g r i d  dimensions were considered sa t i s fac tory .  
Furthermore, t h e  a rea  of t h e  sensor damaged by penetrat ion is  expected t o  ex- 
ceed the s i z e  of t h e  hole i n  the  t e s t  specimen. Finer gr ids  could have been 
used, bu t  development time and cost  of sensors would have been greater. 

Gold w a s  selected f o r  the gr id  material  because of i t s  d u c t i l i t y ,  corrosion 
res i s tance ,  and l o w  r e s i s t i v i t y .  The gr id  thickness w a s  only 90 microinches, so  
t h a t  it would have negl ig ib le  e f f e c t  on penetration of t h e  tes t  specimen. Cor- 
rosion res i s tance  w a s  considered e s s e n t i a l  for  these t h i n  films. Furthermore, 
gold i s  r e a d i l y  adaptable t o  the manufacturing process. 

Select ion of t h e  insu la t ing  material t o  be used between t h e  gold gr ids  and 
the t e s t  specimen tias governed b y  t h e  following fac tors :  a v a i l a b i l i t y  i n  u l t r a -  
t h i n  f i l m s ,  r es i s tance  t o  space environment including vacuum and radiat ion,  and 
u s a b i l i t y  over a wide temperature range. 
requirements. 
s a t i s f y  t h e  same requirements t h a t  were imposed on t h e  Mylar. A thermal- 
s e t t i n g  polyester adhesive w a s  found t o  be sat isfactory.  
and precoated on both s ides  with adhesive, was used f o r  t h e  insu la t ing  material .  

Thin films of Mylar s a t i s f i e d  these  
Selection of Mylar required select ion of an adhesive t h a t  would 

Mylar, 1 / 4  m i l  th ick  

A b r i e f  descr ipt ion of the manufacturing process follows. The process 
starts with a t h i n  sheet of copper t h a t  has a f l a s h  coating of nickel,  which, i n  
turn,  i s  coated with a photosensitive material. The gr id  pa t te rn  i s  formed on 
the  photosensit ive mater ia l  by use of a master pattern.  
mater ia l  is  washed off ,  gold is  e l e c t r o l y t i c a l l y  deposited on t h e  clean n icke l  
surface. The remaining photosensitive material  i s  then etched away, which leaves 
the gold gr id  on the copper and nickel  substrate.  The gold gr id  and s t a i n l e s s -  
s t e e l  t e s t  specimen are  then laminated with the  intermediate layer  of adhesive- 
coated Mylar by feeding the composite s t ructure  through heated r o l l s .  Finally,  
the  copper and nickel  a r e  removed b y  etching, which leaves the exposed gold gr id  
bonded t o  Mylar, which, i n  turn,  i s  bonded t o  t h e  s t a i n l e s s  s t e e l .  

After  the  unexposed 

Each sensor w a s  microscopically inspected f o r  flaws or  defects  t h a t  might 
impair i t s  function. Some bridging or shorting between adjacent l i n e s  of the 
gr id  w a s  unavoidable, and it w a s  necessary t o  determine t h e  number of l i n e s  s o  
bridged. The n u d e r  of  bridges or shorts  of t h i s  type w a s  l imited t o  10 percent 
of the  t o t a l  nmiber of l ines ;  however, the average number of shorts  w a s  less 
than 5 percent of t h e  t o t a l  number of l i n e s .  E l e c t r i c a l  res i s tance  of the  sen- 
sors w a s  22.5 kilohms +lo percent. A f t e r  inspection, a small piece of 1/2-mil- 
th ick  gold f o i l  was cemented t o  each end of the gold g r i d  with conducting s i l v e r  
cement. Tfiese gold p d s  or  termizals d i s t r ibu ted  the  loading imp~sed on t h e  
f i n e  gold f o i l  by e l e c t r i c a l  connections. Silver-coated wires,  5 m i l s  i n  diam- 
e t e r ,  were bonded t o  the gold terminals with t h e  same conducting cement. These 
wires serve as an intermediate connection between the  sensor terminals and the  
heavier gage wiring leading t o  the  telemetry (see f i g s .  2 and 3) .  
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Sensor Mounting 

Sensor mounting d e t a i l s  a r e  shown i n  f i g u r e s  3 and 6. The bas ic  s t r u c t u r e  
of t h e  experiment i s  a cylinder of 1/16-inch-thick aluminum. 
proximately 60 percent of t h e  i n t e r n a l  surface area,  are chemically mllled t o  a 
thickness of 0.020 inch f o r  weight reduction. 
strengthening r i b s  and a l s o  pro tec ts  t h e  i n t e r n a l  wiring from meteoroid impacts. 
Bonded t o  t h e  ex ter ior  of t h e  cylinder i s  a 1/32-inch-thick sheet of s i l i cone  
rubber tha t  serves as a s o r t  f l e x i b l e  backing f o r  t h e  sensors. The sensors a r e  
bonded t o  t h e  s i l i cone  rubber, which permits some movement due t o  thermal ex- 
pansion or contraction. 

Large areas ,  ap- 

The remaining area forms 

Small  tubes inser ted i n  nylon bushings through t h e  aluminum skin  serve as 
intermediate e l e c t r i c a l  terminals ( s e e  f i g .  6) .  The i n t e r n a l  wiring i s  soldered 
t o  these tubes on t h e  inside of the  drum. Lead wires from t h e  sensors a r e  i n -  
se r ted  through t h e  tubes and then soldered t o  the  tubes, and t h e  i n t e r n a l  wiring 
thus forms a pos i t ive  but  f l e x i b l e  connection. A somewhat simpler mechanical 
connection was t r i e d ,  b u t  r e l a t i v e  movement of the  sensor and aluminum cylinder 
caused e l e c t r i c a l  connections t o  f a i l  i n  some cases. Final ly ,  t h e  t h r e e  corners 
of the  sensors a r e  clamped down with spring-loaded nylon washers. These washers 
serve as a redundant holding device f o r  the sensors i n  the  event t h a t  t h e  bond 
between the sensor and s i l icone  rubber should f a i l .  

Four thermistors a r e  located on t h e  circumference of t h e  cylinder approxi- 
mately 90° apar t  ( s e e  f i g .  3 ( b ) ) .  They are  embedded i n  the adhesive between the  
sil.icone rubber and t h e  sensors so as t o  be i n  almost d i r e c t  contact with t h e  
sensors . 

Sensor Evaluation 

The e f f e c t  of impact and penetrat ion on sensors w a s  evaluated by impacting 
with 10- t o  20-mil-diameter glass  or s t e e l  spheres a t  v e l o c i t i e s  t o  about 7500 
f e e t  per second. The p a r t i c l e s  were f i r e d  from a 220 Swift r i f l e .  Various con- 
f i g u r a t i o n s  of sensors were tes ted ,  and t h e  previously described design was es-  
tabl ished i n  t h i s  manner. Some of the  i n t e r e s t i n g  features  of t h i s  program are  
described hereinaf ter .  

While t h e  gold f o i l  gr ids  were s t i l l  i n  development stages,  p a r t i c l e s  were 
impacted on sensors made with f o i l  s t r a i n  gages t o  determine t h e  e f f e c t  on 
laminates of t h i s  type. When broken, t h e  f o i l  folded back on i t s e l f  and thus 
created the p o s s i b i l i t y  of a shor t  c i r c u i t  t h a t  would conceal t h e  break by remak- 
ing the c i rcu i t .  Several backing mater ia ls  were t r i e d  t o  prevent t h i s  occur- 
rence. Hard materials reduced the depth of penetration i n  t h e  t e s t  specimen, 
while l igh t ,  porous materials did not provide s u f f i c i e n t  backing. A t h i n  sheet 
of s i l i cone  rubber proved t o  be sa t i s fac tory ,  s ince it offered l i t t l e  res i s tance  
t o  the p a r t i c l e  emerging from the t e s t  specimen but  provided s u f f i c i e n t  backing 
i n  the area immediately surrounding the penetration. The rubber backing a l s o  
helped prevent rupture of t h e  sensor due t o  an impact t h a t  did not completely 
penetrate t h e  t e s t  specimen. When t h e  gold gr ids  became ava i lab le  for t e s t i n g ,  
it w a s  discovered that peeling or folding w a s  not  a problem with these sensors. 
Unfortunately, s u f f i c i e n t  time w a s  not avai lable  t o  f i n d  a l i g h t e r  s u b s t i t u t e  
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( 7 )  It w a s  des i rab le  t o  divide t h e  3- and 6- m i l  surfaces  i n t o  as many seg- 
ments as possible  f o r  s t a t i s t i c a l  reasons (see r e f .  1). 

Thermal Control 

The construct ion of t h e  experimental package u t i l i z e d  rJbrlar and adhesives, 
which were e s s e n t i a l l y  i n  int imate  contact with the  s t a in l e s s - s t ee l  sur face  be- 
ing exposed. The adhesives, i n  pa r t i cu la r ,  made i.t des i rab le  t o  l i m i t  t h e  sur- 
face  temperatures t o  a maximum of approximately 200' F. 
temperatures t h a t  would r e s u l t  from exposing bare stainless s t e e l  could not be 
to l e ra t ed  because s t a i n l e s s  s t e e l  has a r a t i o  of s o l a r  absorp t iv i ty  t o  low- 
temperature emissivi ty  C L / E  of  about 8. It w a s  necessary, therefore,  t o  lower 
t h e  exposed surface 

For t h i s  reason, t h e  

a/€ r a t i o  preferab ly  t o  some value less than 1.0. 

The temperatures of a nunher of s a t e l l i t e s  have been successfu l ly  con- 
t r o l l e d  i n  t h e  previous manner; however, t he  coatings employed have, i n  general, 
been qu i t e  thick.  
( i n  pa r t i cu la r  t h e  telemetry package) were of concern, and considerable f luc tua-  
t i o n  of  outer  sk in  temperature was tolerated.  
experiment necessi ta ted that t h e  exposed skin i tself  must not exceed a given 
temperature, and any coatings used t o  reduce t h e  maximum temperature must be 
t h i n  enough so  that t h e  penetrat ion phenomena are not se r ious ly  compromised. 
Information of t h i s  character w a s  not  ava i lab le j  and, therefore ,  it was neces- 
sa ry  t o  develop t h e  data. The da ta  on t h i n  coatings were obtained with the  
space-simulator equipment described i n  appendix D. 
invest igated were of t he  organic type (white pa in t ) ,  which i s  a f fec ted  in p a r t i -  
cular  by t h e  u l t r a v i o l e t  port ion of t h e  solar spectrum. 
v i o l e t  r ad ia t ion  on the  coatings w a s  investigated by using t h e  equipment de- 
scr ibed i n  appendix E. Additional elimination of coating materials ws done i n  
t h e  course of t h e  thermal-vacuum t e s t  conducted on sensor assemblies described 
subsequently by  exposing specimens mounted in t h e  vacuum chaniber t o  u l t r a v i o l e t  
rad ia t ion  en ter ing  the  vacuum chamber through a quartz window and emanating from 
an u l t r a v i o l e t  lamp. 

In  addi t ion,  only t h e  in t e rna l  temperatures of t h e  s a t e l l i t e  

The thermal requirements of t h i s  

A number of t he  coatings 

The e f f e c t  of ultra- 

The r a t i o  of a/€ required t o  cont ro l  the experiment temperature cculd not 
be determined p rec i se ly  because t h e  experiment had t o  be designed without a f u l l  
knowledge of t h e  temperature control  t o  be  applied t o  adjacent s t ruc tures .  
addition, t h e  heat-conduction cha rac t e r i s t i c s  between t h e  experiment and t h e  
adjacent s t ruc tu re  were not known. It w a s  ant ic ipated,  however, t h a t  t h e  adja- 
cent s t ruc tu res  or experiment would run hotter.  
en t  problem a l s o  occurred with t h e  r i n g  assenibly used. The r i n g  was s o  t h i n  
that no appreclable conductions o f  heat around t h e  r i n g  could be r e l i e d  on t o  
even out t h e  temperatures. Thus, any sensor facing t h e  sun could, t o  a l a rge  
extent,  only r e j e c t  heat by r ad ia t ing  it back t o  space if conduction from adja- 
cent s t ruc tu res  i s  ignored. 
Yne s t ruc tu re  was held only by -the mechanical connections discussed previously),  
t h e  condition of no conduction j u s t  discussed would be very close t o  t h e  ac tua l  
s i t u a t i o n  prevail ing.  
s t a t e  would be almost e n t i r e l y  a funct ion of t h e  a/€ r a t i o  of t h e  surface. For 
t h i s  reason, t h e  CL/E 

t u r e  t h a t  could be t o l e r a t e d  was about 200° F. 

In 

A very d i f f i c u l t  thermal gradi-  

In  t h e  event the adhesive bonds did not hold (and 

The maximum temperature of a sensor i n  t h i s  detached 

r a t i o  had t o  be 1.0 or l e s s  because t h e  maximum tempera- 
It w a s  decided i n  t h e  l i g h t  of 
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t h e  problems j u s t  discussed t o  l i m i t  the  maximum temperature and accept any re-  
s u l t i n g  thermal gradients with t h e  hope t h a t  t h e  gradients  would be a l l e v i a t e d  
by conduction from adjacent s t ructures .  

coating or s-&-face treatment t h a t  appearez most s a t i s f a c t o r y  f o r  t h e  
application i n  mind w a s  obtained b y  t r e a t i n g  t h e  s t a i n l e s s  s t e e l  by a commercial 
process, 
i ron  oxide surface layer ,  which is  negl ig ib ly  t h i n  (perhaps no more than a few 
microns) and has a f la t  black appearance, The a/€ r a t i o  measured i n  the  space 
simulator for t h i s  coating had a nominal value of approximately 0.97, This 
value of CI/E 
remainder of the  experiments, which were designed t o  run hot ter ,  Some conduc- 
t i o n  of heat from adjacent experiments were expected, and, thus, a lower value 
of a/€ should be obtained, For t h i s  reason and because low skin temperatures 
were no apparent problem, it w a s  decided t o  apply a coat of white pa in t  over the  
black s t a i n l e s s - s t e e l  surface t o  drop t h e  a/€ r a t i o  s t i l l  further.  The paint  
selected f o r  t h i s  purpose from a number t h a t  were invest igated had a t i tanium 
dioxide pigment. A spray method of appl icat ion w a s  used t o  obtain a very th in ,  
uniform coat. The spray coating lowered t h e  a/€ r a t i o  of the surface t o  a 
value of approximately 0.65, (Dipped coatings gave lower CL/E r a t i o s ,  bu t  
there  did not appear t o  be any p r a c t i c a l  method of applying t h e  coatings t o  the  
f i n a l  assembly i n  t h i s  manner. I n  addition, it w a s  much more d i f f i c u l t  t o  con- 
trol t h e  coating thickness when a d ip  process w a s  used.) 
concern t h a t  the propert ies  of t h i s  coating would be ser ious ly  a l t e r e d  by t h e  
solar u l t r a v i o l e t  radiat ion,  t h e  specimens were exposed under vacuum conditions 
t o  t h e  equivalent of 1200 hours of s o l a r  u l t r a v i o l e t  rad ia t ion  (approx. equiva- 
l e n t  t o  6 months of exposure on the  s a t e l l i t e ) ,  and the  r a t i o  of measure- 
ments w a s  taken again. 
u l t r a v i o l e t  radiat ion,  t h e  r a t i o  had only increased t o  approximately 0.77. 
The thermal control  coating used f o r  the  experiment then consisted of blackening 
the s t a i n l e s s  s t e e l  and then spraying white paint  over the  black surface t o  a 
nominal thickness of 0.5 m i l .  
measured for t h e  surface w a s  0.95 a t  a specimen temperature of 80' C . )  

I The s t a i n l e s s  s t e e l  is subjected t o  a hot sa l t  bath t h a t  forms a mixed 

would be s a t i s f a c t o r y  i f  t h e  experiment were i s o l a t e d  from t h e  

Since there  w a s  some 

CL/E 
Although the  coatings had turned brown on exposure t o  the  

a/€ 

( A s  a point of i n t e r e s t ,  t h e  emissivi ty  value 

Although other coatings were investigated,  only t h e  thermal control  coat- 
ings f i n a l l y  selected have been described herein. It might be noted, however, 
t h a t  paints have many advantages as thermal control  coatings. Chief among these 
advantages is ease of application, even as a f i n a l  s t e p  i n  the  process of f a b r i -  

, cation. 

Heating of t h e  experiment during the  launch phase due t o  aerodynamic f r i c -  
t i o n  and heat transmission through t h e  rocket casing and nozzle w a s  a l s o  of con- 
cern; however, t h i s  aspect of the thermal design w a s  handled by those persons 
responsible for t h e  thermal design of t h e  t o t a l  payload. 
however, t h a t  t h e  combined aerodynamic and rocket heating should not cause t h e  
experiment temperature t o  exceed a maximum o f  150° F. 

It w a s  specified,  
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f o r  t he  1/32-inch-thick s i l i c o n e  rubber that had a l r eadybeen  incorporated i n  
the  design. The s i l i cone  rubber used, therefore,  represented a s l i g h t  weight 
penalty. 

Several  d i e l e c t r i c  mater ia ls  besides Mylar were t r i e d .  One of t he  more 
promising mater ia ls  was a vapor-deposited film of s i l i cone  monoxidej however, 
t h e  s i l i cone  monoxide f i l m  crazed and thinned down during p a r t i a l  o r  complete 
penetrat ion of t h e  s t a i n l e s s  s t e e l  and thus created a p o s s i b i l i t y  of shor t s  be- 
tween t h e  gold g r i d  and the test specimen. Consequently, it w a s  no t  considered 
su i t ab le  as a d i e l e c t r i c  material. 

Smaller g lass  p a r t i c l e s ,  approximately 5 m i l s  i n  diameter, were a l s o  used 
t o  obtain partial penetrations o f t h e  t e s t  specimen. 
ing ac t ion  and bulging of t h e  t e s t  specimen in  t h e  v i c i n i t y  of t h e  c ra te r ,  t h e  
gold f o i l  did not rupture.  Thus, it was concluded that the  sensor would de tec t  
only those  impacts r e su l t i ng  i n  complete penetration of t h e  t e s t  specimen. 
Attempts t o  penetrate  t h e  s t a i n l e s s  s t e e l  and. a t  t h e  same t i m e  t o  make holes 
s u f f i c i e n t l y  small so as not t o  rupture t h e  gr id  were not  successful  because of 
equipment l imitat ions.  
6 mils i n  diameter, and these  were more than s u f f i c i e n t  t o  rupture the  grid.  
Continuity of t h e  sensor w a s  disrupted i n  a l l  cases of complete penetration. 
The sensors were a l s o  checked f o r  shor t  c i r c u i t s  i n  t h e  v i c i n i t y  of t h e  penetra- 
t i o n  that might possibly remake t h e  c i r cu i t .  This condition d id  not  occur i n  
any of t h e  50 or more penetrat ion tests. 
i n  these  tests may not  be  t r u l y  representat ive of meteoroid impacts, they  are 
bel ieved t o  give a fair indicat ion of the behavior of t h e  sensors. 

Despite t h e  v io len t  c r a t e r -  

The smallest  holes generated by impacting p a r t i c l e s  were 

Although t h e  isnpacts and penetrat ions 



DESIGN CONSIDERATIONS 

Design Res t r ic t ions  

There were ce r t a in  design r e s t r i c t i o n s  placed on t h e  experimental package 
t h a t  influenced t h e  design of t h e  experiment great ly .  
requirements a r e  discussed in  t h e  following paragraphs. 

These r e s t r i c t i o n s  or 

Telemetry. - To obtain redundancy in  t h e  s a t e l l i t e  te lemetry system, two 
This p a r t i c u l a r  experiment w a s  a l -  

The f r e -  
independent 48-channel systems w e r e  used, 
l o t t e d  three frequency channels and two time channels i n  each system. 
quency channels were used t o  in te r roga te  penetrat ion sensors,  and the time 
channels were used t o  measure sk in  temperature. The d e t a i l s  o f  t h e  c i r c u i t r y  
employed are  described subsequently, 

Weight and area. - The t o t a l  weight of  t h e  experiment including any support 
s t ruc tu re ,  wiring, and s o  f o r t h ,  w a s  r e s t r i c t e d  t o  5 pounds. The a rea  available 
f o r  exposing skin'samples w a s  approximately 4 square f e e t .  

Configuration. - The area a l l o t t e d  the  experiment was a cy l ind r i ca l  area 
located around t h e  nozzle of t h e  fourth-stage rocket. 

I 
Thermal control,  - The experiment had t o  function i n  t h e  space environment 

with only passive means ava i lab le  f o r  cont ro l l ing  temperature. Heating due t o  
fourth-stage rocket combustion and aerodynamic f r i c t i o n  on ascent 
t r o l l e d  by passive means; however, an aerodynamic heat  sh i e ld  w a s  
w a s  j e t t i soned  a f t e r  third-s tage burnout, 

Rel iab i l i ty .  - The experiment was required t o  survive launch 
t o  be able t o  operate i n  t h e  space environment f o r  a period of a t  

was a l s o  con- 
provided t h a t  

conditions and 
l e a s t  6 months. 

Ci rcu i t  Design 

The design of c i r c u i t s  connecting t h e  g r id  sensors t o  t h e  te lemetry system 
was a yroblem of matching t h e  cha rac t e r i s t i c s  of t h e  sensors t o  those of t h e  
telemetry system. 
a c t e r i s t i c s  of a r e s i s t o r  with a nominal room-temperature r e s i s t ance  of 22.5 
kilohms. 
t o  t h a t  f o r  gold of  about 0.0034 ohm per ohm per OC. When a sensor i s  pene- 
t r a t e d  by a p a r t i c l e  t h a t  d i s rupts  t h e  grid,  t h e  res i s tance  goes nominally t o  
i n f i n i t y .  

The e l e c t r i c a l  cha rac t e r i s t i c s  of t h e  sensors a r e  those char- 

This r e s i s t ance  has a pos i t i ve  temperature coe f f i c i en t  corresponding 

The frequency channels take a 0- t o  2.5-volt fu l l - s ca l e  s igna l  across a 
10-kilohm res i s to r .  The time duration channels measure a r e s i s t ance  with a 
fu l l - sca le  value of  5 kilohms. Both t h e  frequency and time channels a re  b e s t  
u t i l i z e d  fo r  making analog measurements; however, t h e  d is rupt ion  of  t h e  g r ids ,  
which were interrogated by means of frequency channels, i s  a d ig i ta l  measure- 
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ment. To u t i l i z e  the  frequency channels, therefore, it w a s  necessary t o  obtain 
a d i s c r e t e  change of frequency each time a g r id  w a s  disrupted. The minimum 
change i n  frequency t h a t  could be detected was estimated t o  b e  10 percent of 
f u l l  scale.  
r a t i o  expected f o r  t h e  telemetry system and receiving equipment employed and f o r  
t h e  intended o r b i t .  

This minimum resolut ion w a s  based on t h e  estimated signal t o  noise 

A frequency channel c i r c u i t  t h a t  achieves a minimum fu l l - sca le  change of 
10 percent each t i m e  a gr id  is disrupted i s  shown i n  f i g u r e  7. Eight sensors 
represented by r e s i s t o r s  % each with a se r ies  r e s i s t o r  RL, are connected i n  
p a r a l l e l  between the  power supply and a 10-kilohm input r e s i s t o r  
s e r i e s  r e s i s t o r  RL i s  la rge  compared with the sensor r e s i s t o r  RS and input 
r e s i s t o r  RI such t h a t  each of t h e  eight  legs approximates a constant current  
source t o  RI. The voltage across RI is then a d i r e c t  measure of t h e  nwdber 
of i n t a c t  sensors i n  t h a t  channel. To maintain a minimum change i n  input s i g -  
n a l  of a t  l e a s t  10 percent of f u l l  sca le  when one sensor opens, the  maximum 
nurriber of legs  i s  l imited t o  eight.  

RI. The 

A s  a r e s u l t  of s a t e l l i t e  development changes, t h e  g r i d  sensor developed was 
not t a i l o r e d  t o  the  spec i f ic  telemetry channel assignment t h a t  evolved. The 
a rea  assigned t o  the  experiment w a s  i n i t i a l l y  portioned i n t o  60 segments of ap- 
proximately 9 square inches and g r i d  sensors 9 square inches i n  area were devel- 
oped. An arrangement of sensors by channels that u t i l i z e d  the  f u l l  area a l l o t -  
t ed  and satisfied the  aforementioned c i r c u i t  r e s t r i c t i o n s  is shown i n  t a b l e  I 
and figure 3 ( b ) .  Sensors 
on two channels were doubled; t h a t  is, two sensors were t i e d  i n  series t o  form 
t h e  r e s i s t o r  Rs. One channel employed only four legs  i n  p r a l l e l w i t h  one sen- 
sor i n  each leg .  The m i n i m  voltage change per break across r e s i s t o r  RI is 
shown i n  t a b l e  I f o r  each c i r c u i t  arrangement. 

Three channels used the c i r c u i t  described previously. 

It should be noted t h a t  p r e f l i g h t  cal ibrat ions of t h e  frequency channels 
indicated a s l i g h t l y  lower s e n s i t i v i t y t h a n  that expected. The minimum change 
due t o  a sensor penetration i s  approximately 9 percent r a t h e r  than 10 percent. 
This s l i g h t  reduction i n  s e n s i t i v i t y  i s  due t o  nonl inear i ty  of t h e  voltage t o  
frequency converter of the  telemeter. 

The temperature s e n s i t i v i t y  of the c i r c u i t  employed i s  low because of t h e  
r e l a t i v e  values of RL and Rs- The most temperature-sensitive c i r c u i t s ,  of 
course, a r e  those c i r c u i t s  ( i . e . ,  channels) employing two sensors per leg.  A s  
an indicat ion of t h e  e f f e c t  of temperature on t h e  signal output, t h e  percentage 
of s igna l  change r e s u l t i n g  from a looo C change i n  temperature of a l l  t h e  sen- 
sors i n  a channel is a l s o  given i n  t a b l e  I. If la rge  temperature var ia t ions  are 
a c t u a l l y  encountered during the  l i f e  of the s a t e l l i t e ,  t h e  da ta  w i l l  be tempera- 
t u r e  corrected by use of t h e  skin temperature measurements described i n  t h e  f o l -  
lowing paragraph. 

The remaining four  time-duration channels of telemetry were used t o  measure 
These measure- the temperature a t  four points  on t h e  surface of t h e  experiment. 

ments Tiiere made v i t h  subminiature head-type thermistors. The four thermistors 
used were matched t o  within ?2O C, s o  t h a t  a s ingle  ca l ibra t ion  curve 
would suf f ice .  These thermistors were shunted with a 5-kilohm r e s i s t o r  t o  
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l i m i t  the  maximum resis tance measured by these  time-duration channels. 

Select ion of Skin Thickness and Area Distr ibut ion 

The area and thickness d i s t r i b u t i o n  employed i n  the  experiment is  shown i n  
table I and f i g u r e  3(b). 
thickness and area d i s t r i b u t i o n  were se lec ted  based on t h e  following: 

Within t h e  r e s t r i c t i o n s  already outlined, t h e  skin 

(1) The experiment would have a nominal l i f e t i m e  of 6 months, although it 
was  hoped a longer l i f e t i m e  would b e  achieved, 

( 2 )  The average rates of penetrat ion expected were estimated as i n  refer- 
ence 1. Based on these  average penetrat ion rates and within t h e  area r e s t r i c -  
t i o n s  imposed, thicknesses were selected t h a t  would yield data  within 6 months. 
The desire  t o  expose t h e  maximum p r a c t i c a l  thickness w a s  also used as a c r i t e -  
r ion  in select ing mater ia l  thickness (i.e., maximum thickness consis tent  with 
t h e  requirement t h a t  any r e s u l t s  have s t a t i s t i c a l  s ignif icance) .  

(3) It was recognized that t h e  r a t e s  predicted were a t  best only crude es- 
timates and that t h e  random f luc tua t ions  about these average rates might be 
qui te  large. Rates a t  least two orders of magnitude grea te r  or less than those 
predicted could be recognized with the  skin thickness and area d i s t r i b u t i o n  se- 
lected.  If t h e  r a t e s  were two orders of magnitude grea te r  than those expected, 
portions of t h e  6-mil surface should survive long enough so t h a t  it would b e  
recognized t h a t  breaks (disrupt ion of the  e l e c t r i c a l  cont inui ty  i n  individual  
legs  of the parallel c i r c u i t s  described previously) were occurring as the  re- 
sul t  of penetrations of the  surface material and not as a r e s u l t  of some experi-  
ment malfunction. If t h e  rates were two orders of magnitude less than those 
predicted, there  should be a s u f f i c i e n t  amount of 3-mil surface area exposed 
t h a t  some penetrations would be recorded in  a 6-month period and, as a r e s u l t ,  
would show that t h e  experiment was performing s a t i s f a c t o r i l y .  

( 4 )  The s a t e l l i t e  was expected t o  tumble i n  space, and, therefore,  t h e  ar- 
rangement of t h e  sensors on t h e  periphery w a s  not considered of consequence. To 
correc t  for  temperature e f fec ts ,  however, it was des i rab le  t o  have a l l  sensors 
i n  a given telemetry channel a t  approximatelythe same temperature and t o  have a 
measurement of t h i s  temperature. A l l  sensors i n  a given channel were grouped 
together, therefore ,  i n  t h e  v i c i n i t y  of a thermistor.  The exception w a s  channel 
6 for which it had been planned t o  expose bare  sensors without pro tec t ive  
s t a i n l e s s - s t e e l  covers3 however, a lack of time and other more pressing problems 
did not permit t h i s  development. 

(5) The considerations in  i t e m  (4) were a l s o  influenced by t h e  f a c t  that 
breakage of individual  legs  i n  a channel could not  be distinguished from one 
another as a r e s u l t  of t h e  c i r c u i t  employed ( i . e . ,  only t h e  rimer of legs l o s t  
per channel as a r e s u l t  of penetrations could b e  determined). 

( 6 )  Both material thicknesses ( 3  and 6 m i l )  were used on telemetry channels 
Thus, i n  the  event of a f a i l u r e  of e i t h e r  telemetry system, t h e  experi  A and B. 

ment would simply b e  reduced i n  scale .  
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W I R O N M E N T  TEST 

The prototype and flight assemblies of the Lewis meteoroid penetration ex- 
periment were exposed to environmental tests including vibration, acceleration, 
shock, and thermal vacuum. The prototype was tested to values 50 percent 
greater than those anticipated during launch, while the flight assemblies were 
tested to anticipated values. For all tests, the assembly was restrained in a 
manner to simulate as near as practical actual mounting on the fourth-stage 
rocket. These were additional to tests of the complete satellite assembly con- 
ducted by Langley. Tests were conducted also on individual sensor assemblies. 

Equipment 

Thermal vacuum. - Equipment used for the test was essentially an isothermal 
enclosure for the test specimen inside a vacuum chaniber. 
electrically heated and cooled by liquid nitrogen. 
conducted during regular working hours only because automatic equipment was not 
available. About three cycles per day were possible. Vacuum, however, was 
maintained overnight. Temperature and electrical resistance of the sensor were 
continuously monitored during the test. 
when each test run was completed, 

The enclosure was 
Thermal cycling tests were 

The sensors were visually inspected 

Vibration. - The required vibration t e s t s  were conducted on a 1500-pound- 
force shaker. A controller together with an appropriately placed accelerometer 
maintained a constant sinusoidal amplitude at the accelerometer location as the 
frequency was varied. 

The instrumentation for the vibration tests consisted of a piezoelectric 
accelerometer and matching amplifier system, a direct-current amplifier, a 
detector-filter, and a recording oscillograph, as shown in figure 8. Also  
shown is the driving force recording method. All components except the detector- 
filter were comcrcially available items. Performance of the instrumentation 
was satisfactory. 

Shock. - The shock test equipment consisted of a platform mounted between 
two vertical guide rods. 
control deceleration. To produce the shock, the platform with wedges, mounted 
test package, and attached instrumentation were elevated to a height of 42 
inches above the rest position. 
bly to fall freely to a, bed of sand. 
the controlled deceleration force. The equipment used was commercially manu- 
factured. 

Wedges were attached to the bottom of the platform to 

A solenoid-operated release allowed the assem- 
The wedges entered the sand and provided 

Results were reproducible to about +lo percent. 

Spin. - The purpose of the s2ln test was to apply a sustained axial and - 
radial acceleration to the test package. 
rections. 
axis), it was spun about an axis perpendicular to the thrust axis with the force 
along the thrust axis, and it was spun about an axis perpendicular to the thrust 

The forces were applied in three di- 
The package was spun about its axis of symmetry (vehicle thrust 
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axis  with the force along the  reverse  t h r u s t  ax is .  
t h e  horizontal  platform of a commercial spin tab le .  
manually. 

The package w a s  ro ta ted  on 
Table speed w a s  adjusted 

Test specimen mounting. - Both f l i g h t  and prototype assemblies were bol ted  
%.est# platform by means of t h e  flange on t h e  assembly t h a t  was used t o  mount 

The t e s t  platt'orm consisted of & b a s e p l a t e  m d  I 
t o  
the  experiments on t h e  rocket. 
simulated section of t h e  s k i r t  around t h e  nozzle of t h e  fourth-stage rocket. a l l  
loads and vibrat ions were applied t o  or through the  baseplate ,  which simulated 
the rocket. These loads were then t ransmit ted through t h e  mounting flange and 
simulated s k i r t  and thus approximated t h e  a c t u a l  rocket loading, 
sensors tes ted  were a l s o  mounted t o  simulate t h e  a c t u a l  loading configurations.  

The individual  

Test Re s u l k  s 

Thermal vacuum. - The t e s t s  conducted with individual  sensor asseniDlies a r e  
summarized i n  t a b l e  I V ,  Sensors 1 t o  3 were laminations of 0.006-inch s t a i n l e s s  
s t e e l ,  1/4-mil  Mylar insulat ion,  and gold f o i l  gr id ,  respect ively,  and a 1 - m i l  
cover of Mylar. 
omitted. Sensors 5 t o  7 were i d e n t i c a l  t o  sensors 1 t o  3 but  were bonded t o  
s i l i cone  rubber and aluminum. 

Sensor 4 w a s  i d e n t i c a l  except t h a t  the  1-mil Mylar cover was 

To of the  three  sensors t h a t  f a i l e d  ( l o s t  e l e c t r i c a l  cont inui ty)  did so  a t  
temperatures near 3000 F. Sensor 1 f a i l e d  when the  temperature of t h e  i so ther -  
m a l  chaniber overshot the  desired temperature (230° 3') and climbed t o  290° F. 
When t h e  temperature w a s  in ten t iona l ly  ra i sed  t o  3000 F a f t e r  382 hours of soak- 
ing a t  lower temperatures, sensor 3 f a i l e d .  The f a i l u r e  of sensor 2 w a s  appar- 
e n t l y  due t o  thermal shock when room a i r  vas rap id ly  bled i n t o  the  t e s t  chamber. 
I n  a l l  three cases, f a i l u r e  amounted t o  disrupt ion of t h e  e l e c t r i c a l  cont inui ty  
of t h e  grid;  however, microscopic examination of t h e  sensors did not revea l  t h e  
locat ion of t h e  break. All other sensors re ta ined t h e i r  cont inui ty  during and 
a f t e r  the t e s t .  It appears, therefore ,  t h a t  individual  sensors will withstand 
soaking a t  250° F or cycling between -50' and 250' F for long periods. 

I n  fabr ica t ing  t h e  prototype and f l i g h t  packages, t h e  sensors were bonded 
t o  t h e  s i l i cone  rubber backing by soaking a t  temperatures i n  excess of 200° F 
f o r  1 2  hours. 
pressure. The f l i g h t  packages were exposed t o  a vacuum of' approximately l o m G  
millimeter of mercury f o r  200 hours or more. During t h i s  time, 10 or more 
thermal cycles ranging from -50° t o  150' F were completed. 
package w a s  t e s t e d  f o r  f i v e  thermal cycles from -50° t o  150' F a t  atmospheric 
pressure. 
simulating the mounting on t h e  fourth-stage rocket. 
-50° and 150' F required about 4 t o  4- hours. 

Thus, a l l  sensors were exposed t o  t h i s  temperature a t  atmospheric 

In-addi t ion,  one 

For the  thermal-vacuum t e s t s ,  the  experiment w a s  mounted on a s k i r t  
One complete cycle between 

1 
2 

During a l l  thermal and thermal-vacuum t e s t s ,  a continuous check on t h e  r e -  
s is tance of t h e  sensors and thermistors as wel l  as checks f o r  shor t s  t o  ground 
w a s  provided by a semiautomatic checking device. This device reported a f a u l t  
i f  the  resis tance d i d  not f a l l  within prescribed limits, which were governed by 
the  temperature v a r i a t i o n  of r e s i s t i v i t y ,  or i n  t h e  case of shorts  t o  ground, i f  
t h e  resis tance dropped below about 1 7  megohms. 
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The sensors would not  t o l e r a t e  as high a temperature when mounted t o  t h e  
aluminum cylinder as when they were mounted t o  a f la t  plate.  Sensors mounted 
on a f la t  plate, as described previously, withstood temperatures i n  excess of 
250' F, 
r e l a t i v e  movement between the sensors and t h e  cylinder, which caused a f e w  sen- 
sors  t o  f a i l  ( l o s e  cont inui ty) .  Therefore, the tes t  temperature w a s  reduced t o  
t h e  more r e a l i s t i c  temperature c i t e d  previously (150° F). 
might be mentioned t h a t  other mounting schemes were avai lable  t o  a l l e v i a t e  t h i s  
condition; however, because it was not  c r i t i c a l  that t h e  experiment be designed 
t o  withstand higher temperatures and because t i m e  w a s  short ,  these schemes were 
not incorporated i n  the present s a t e l l i t e ,  

Dis tor t ion  of t h e  aluminum cylinder a t  elevated temperatures caused 

I n  t h i s  regard, it 

Sweep r a t e ,  
octaves/min 

A few sensors f a i l e d  during the  bonding operation a t  200' F and i n i t i a l  
These were believed t o  be defective sensors, and when 

No 
thermal-vacuum t e s t s .  
they  were replaced, t h e  assembly was re tes ted  with s a t i s f a c t o r y  r e s u l t s ,  
other detrimental e f f e c t s  of thermal or thermal-vacuum environment were ob- 
served, 

Duration, 
min 

Vibration, - The tests with individual  sensors were conducted with sensors 
mounted on s i l i c o n e  rubber and fastened t o  an aluminum sheet i n  t h e  same manner 
as it would be on t h e  f l i g h t  assembly, Sinusoidal v ibra t ions  from 500 t o  2000 
cycles per second and back a t  a sweep rate of 2.8 octaves per minute were ap- 
p l i e d  t o  t h e  sample. The accelerat ion varied between 43 and 47 g ' s  during t h e  
test. 
Visual inspection of t h e  sensors a f t e r  t e s t  completion revealed no damage. 

E l e c t r i c a l  cont inui ty  of t h e  sensors was maintained throughout t h e  tes t ,  

2 
4 
4 

2.8 
2.8 

The f l ight  asse&lies  were subjected t o  vibrat ions along t h e  thrust axis, 
as l i s t e d  i n  t h e  following table:  

3.0 
1.5 
0.5 

1-65  
0.712 

Fl ight  
assenibly 

2 

Exciter  
frequency, 

CPS 

50 t o  2000 
50 t o  2000 

500 t o  2000 
50 t o  2000 

500 t o  2000 

Peak 
amplitude, 

g ' s  

5 
5 
10 
5 
10 

The a s s e d l i e s  were resonant a t  approximately 300 t o  1000 cycles per 
second; as a r e s u l t ,  t h e  amplitude increased by a fac tor  of 10 or more. Plots  
of t h e  var ia t ions  in accelerat ion f o r  t h e  second f l i g h t  assembly are shown i n  
f igure  9. Accelerometer 1 w a s  on t h e  driving p l a t e  t o  which the  f l i g h t  assembly 
w a s  attached. Accelerometers 2 and 3 were attached t o  t h e  f l i g h t  assembly, No 
adverse e f f e c t s  on t h e  assemblies w e r e  noted as a r e s u l t  of t h e  t e s t s .  

Shock, - B0t.h indiTri,daal sencsr assexiblies and c c q 3 e t e  f l i g ? ~ t  assei&lies 
Drop-test results were t e s t e d  i n  both direct ions p a r a l l e l  t o  the t h r u s t  axis. 

f o r  one f l i g h t  assembly in  one d i rec t ion  a re  shown i n  figure 10. 
ce le ra t ion  of approximately 77 g ' s  with an average impulse of approximately 
44 g ' s  f o r  0.01 second w a s  experienced. No adverse e f f e c t s  on the  assemblies 
were noted as a r e s u l t  of the  tests,  

A peak ac- 
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Spin. - The t e s t  package w a s  bo l ted  t o  t h e  spin-table platform, which w a s  
spun about an ax is  t o  simulate r a d i a l  loads developed by t h e  spinning rocket. 
For the  t e s t s  where ro ta t ion  w a s  about an ax is  perpendicular t o  the  ax is  of sym- 
metry ( t o  simulate t h r u s t  loads) ,  a s u i t a b l e  j i g  was constructed t o  permit b a l -  
ancing of t h e  assembly f o r  both the  t h r u s t  and reverse- thrust  spin t e s t s .  

Radial accelerat ions of 50 g ' s  were applied t o  the  sensor assemblies 
mounted e i ther  as individual  assemblies or as p a r t  of t h e  f l i g h t  assemblies. A s  
a r e s u l t  of  t h e  f i n i t e  radius employed i n  the  aforementioned j i g ,  uniform a x i a l  
accelerations i n  the t h r u s t  and reverse- thrust  d i rec t ions  could not be obtained. 
The simulated thrus t  accelerat ion applied var ied from a minimum of about 15 g ' s  
t o  a maximum of about 22 g ' s  f o r  t h e  sensors i n  a f l i g h t  assembly. These ac- 
celerat ions were applied f o r  a period of 30 seconds. No adverse e f f e c t s  on t h e  
assemblies were noted as a r e s u l t  of  t h e  t e s t s .  
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APPENDIX D 

MEASUREMENT OF ABSORPJTVITY-ESIISSIVITY RATIO 

Thermal-Vacuum Chader  

Measurements of a/€ of various coatings were made i n  a space simulator. 
This f a c i l i t y  cons is t s  of a vacuum chamber with an i n t e r n a l  s t ruc ture  f o r  mount- 
ing and instrumenting a test  specimen, The i n t e r i o r  w a l l s  of the  tank were 
cooled t o  a c t  as a rad ian t  heat sink, and one end w a s  f i t t e d  with a window 
through which t h e  tes t  specimen w a s  illuminated with simulated s o l a r  radiat ion.  

A sect ion view of t h i s  f a c i l i t y  i s  shown i n  f i g u r e  11. The test specimen 
support i s  shown mounted on a removable back flange. 
and t h e  specimen mounting arrangements w i l l  be discussed i n  more d e t a i l  subse- 
quently. 
c a l  sleeve a t  l iquid-nitrogen temperature, The hollow w a l l s  of the  sleeve a r e  
f i l l e d  with l i q u i d  nitrogen through the fill tube. Attached t o  t h e  i n t e r i o r  of 
t h e  sleeve i s  a sp i ra led  b a f f l e ,  which prevents r e f l e c t i o n  of the  incoming l i g h t  
from t h e  sleeve onto t h e  t e s t  specimen. Teed t o  t h e  bottom of t h i s  tank i s  a 
flange, which connects t o  the vacuum pump system. 
of an ionic-type pun$ (ul t imate  pressure, <LOm9 mm Hg; ra ted  speed, 250 
l i t e r s / s e c )  and a conventional roughing system. Operating pressure on t h i s  
f a c i l i t y  i s  l e s s  than 5~10'~ millimeter of mercury as measured by an ionizat ion 
gage located j u s t  above the  vacuum pump flange. A t  the  f r o n t  end flange of the  
tank, a quartz window i s  mounted through .ihich t h e  simulated s o l a r  rad ia t ion  i s  
admitted t o  t h e  chamber. 

Detai ls  of t h e  support 

The i n t e r i o r  surface viewed by t h e  t e s t  specimen i s  t h a t  of a cyl indri-  

The pumping system cons is t s  

Figure 12  shows t h e  t e s t  specimen support with a specimen i n  place. Sup- 
ported off the  main flange i s  a copper p la te ,  which can b e  heated with 
"sandwiched-in" heater  wire, 
loaded posts from which t h e  t e s t  specimen i s  suspended by cotton thread. 
t r i c a l  connections f o r  t h e  heater wires and temperature sensors a r e  made through 
g lass  t o  metal s e a l s  i n  the  back flange. 

The center sect ion of t h i s  p l a t e  has four spring- 
Elec- 

Figure 13(a) shows the  assembled tank and i t s  posi t ion with respect  t o  t h e  
s olar s imulat or. 

Test Specimen Preparation 

Coatings were applied t o  0.006-inch-thick s t a i n l e s s - s t e e l  sheets  approxi- 
mately 2 inches square, and 1-inch-square t e s t  specimens were selected f r o m t h i s  
sample on t h e  basis of evenness of coating, as judged by Visual inspection. A 
thermistor w a s  then bonded t o  t h e  center of the back surface, Thermistors were 
+.lo used tc! Tnezsl-Lre the texp_r5)+lxe of t h e  c q p e r  hnck=l%te. A11 t h e r z i s t o r s  
were bead type, of commercial manufacture. 
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Chamber Operation 

Measurement of  t h e  CL/E r a t i o  f o r  a t e a t  specimen w a s  accomplished i n  the  
following manner, The t e s t  specimen, prepared as described previously, w a s  
mounted i n  t h e  chamber, and t h e  measuring c i r c u i t s  were checked f o r  proper opera- 
t ion.  After t h e  tank was evacuated, l i q u i d  nitrogen was put i n t o  t h e  hollow w a l l  
of t h e  sleeve i n  the  tank, and the  solar source w a s  s tar ted.  A n  automatic con- 
t r o l l e r  on t h e  so la r  source maintained a constant l ight  i n t e n s i t y  i n  the  plane 

and heaters on the  backplate were manually controlled,  s o  t h a t  t h e  backplate and 
t h e  t e s t  specimen w e r e  a t  t h e  same temperature. 
w a s  recorded when equilibrium conditions were achieved, 

I of t h e  t e s t  specimen, Changes i n  temperature of t h e  t es t  specimen were noted, 

The t e s t  specimen temperature 

If the s o l a r  rad ia t ion  incident  on t h e  t e s t  specimen has an i n t e n s i t y  of 
one so la r  constant, t h e  CL/E r a t i o  can be calculated from t h e  equation 

where 

r a t i o  of s o l a r  absorp t iv i ty  t o  t o t a l  hemispherical emittance 
E 

u Stefan-Boltzmann constant 

Te absolute equilibrium temperature of t h e  t e s t  specimen 

S so lar  constant a t  mean earth-sun distance,  140 mw/cm2 

Err or s i n  Simulati on 

It i s  of i n t e r e s t  t o  examine sources of e r r o r  and t h e  e f f e c t s  of these 
e r rors  i n  such a measurement, Consideration of t h e  equation used t o  ca lcu la te  
CL/E w i l l  show t h a t ,  s ince the  temperature i s  ra i sed  t o  t h e  4th power, small 
percentage e r r o r s  i n  temperature will produce four times as much e r r o r  i n  a/€ 
as will the  same percentage e r r o r  i n  other terms. With t h i s  i n  mind, sources of 
e r r o r  can be considered under general categories:  (1) temperature measurements, 
( 2 )  heat losses  not accounted f o r  i n  t h e  calculation, (3) imperfect space simu- 
l a t i o n ,  ( 4 )  viewing l o s s ,  and (5) imperfect solar simulation. The las t  of these  
has been included here only f o r  completeness] e r rors  i n  s o l a r  simulation a r e  
discussed i n  the sect ion Simulated Solar Radiation. 

Temperature errors a r i s e  from ca l ibra t ion  techniques, e r r o r s  i n  t h e  meas- 
urement of res is tance,  and self-heating effects .  
measurements were ca l ibra ted  a t  one point,  which defines Ro and To i n  t h e  
thermistor r e s  is t an c e e qua t i  on 

The thermistors used i n  these  
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where 

R resistance at temperature T 

Ro resistance at temperature To 

B constant supplied by manufacturer 

Sample measurements have indicated an error of fZO K due to variations in 
Estimates of errors of the resistance measurment amount to +lo K. 
dissipated in the thermistor produces an estimated 0.1' K temperature rise; 
self-heating effects can be completely neglected. 
error in temperature is taken as +-3O K, the probable error in a / c  
cent. 

B. 
The power 

A s  a result, if the probable 
is 54 per- 

Estimates of heat losses from the test specimen by radiation from the back 
side and by conduction through supports and thermistor leads would indicate a 
probable error of 21.5 percent in a,/€. 

Imperfect space simulation includes a nusriber of effects. The error caused 
by using a 77' K heat sink (higher than in space) and then disregarding this 
term in calculating a/€  is approximately 0.3 percent. This value is based on 
an equilibrium temperature of 350° K and would be less for higher equilibrium 
temperatures. Errors  result from reflections of emitted radiation back to the 
test specimen. These include specular reflection off the window and diffuse re- 
flection from all interior surfaces viewed by the test specimen. Estimates in- 
dicate er rors  in a,/€ from these sources to be less than 0.5 percent. Erro r s  
can also result if the pressure is not maintained sufficiently low to make the 
thermal conductivity of the residual gas negligible. Operating pressures of 
5x10'7 millimeter of mercury rule out such errors. 

The viewing loss due to the geometry employed also introduces a small error. 
In space at the mean earth-sun distances, the sun occupies approximately 0.1 
percent of the field of view of a surface illuminated by the sun. In the space 
simulator the window occupies approximately 1.0 percent (as defined by the angle 
p of fig. 11) of the field of view of the test specimens. Although this area 
is higher by a factor of 10, its effect (the amount by which the heat sink area 
is reduced) is less than 1.0 percent. 

On the basis of these considerations and excluding the errors due to im- 
perfect simulation of s o l a r  radiation, the probable error in 
as k4.3 percent. 

a,/€ can be taken 

Simulated Solar  Radiation 

Equipment. - The source of radiation for  simulating the intensity and spec- 
tral distribution of the sun's radiation w a s  a special carbon arc lamp. The 
positive electrode was a 13.6-millimeter-diameter rod of special composition. 
The negative electrode was 11.1 millimeters in diameter. The arc consumed 135 
to 145 amperes at 55 volts. 
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The radiant energy from the arc was collected and transferred to the test 
specimen by a specially designed optical system (see fig. 13(b)). 
of the system were fused silica. To transfer the radiant energy, an image 
three times normal size was formed in the piane of a pro jec t io i i  lei>S L- u y  +--- L I W V  

condensing lenses. The projection lens images one of the condensing lenses 
into the plane of the test specimen. 
radiance on the test specimen. Since only flat surfaces were tested, a coll- 

All elements 

This arrangement ensures uniformity of 

I mated light beam was not necessary. 

The intensity of the radiation at the specimen plane was measured with a 
thermopile. During system operation, a closed-loop control system monitored 
and regulated the radiation intensity falling on the specimen. 
photovoltaic sensor was used to measure the radiation for monitoring purposes. 

ceived by the sensor was reflected from a window surface in the optical path. 
Any variation in sensor output was amplified and caused the condensing lens as- 
sembly to move. Motion of the lens altered the amount of radiation intercepted 
by the condensing lens system in such a way as to restore the initial radiant 
intensity. The equipment was capable of continuous operation for up to 35 min- 
utes. 

A selenium 

, This sensor was located at the mirror image of the specimen. The radiation re- 

I Measured spectrum. - The spectrum of radiation from the solar simulator is 
shown in figure 14. The spectrum measurement was made on an infrared spectro- 
eter with a lithium fluoride prism and a lead sulfide detector. The instrument 
was calibrated with a National Bureau of Standards tungsten standard lamp. 

Errors. - Subsequent to the use of the so la r  simulator for the purposes de- 
scribed in this report, an improved calibration device was acquired. 
standard was an Angstrom, compensated pyroheliometer. Calibration of the thermo- 
pile with the pyroheliometer indicated an error of +7 percent in the assumed 
total intensity. Therefore, the intensity actually used was 93 percent of a 
solar constant. A value of 1395 watts per square meter was used as equivalent to 
one solar constant. The spectrum measurements were made with the total radiation 
under automatic control, as described previously. The optics of the system were 
included in the light path. The measurements were corrected for scattered light 
and detector noise level. No statement on the accuracy of the measurements can 
be made. 

This 

Reproducibility over a period of 2 months was +5 percent. 

Uniformity of radiant intensity on the specimen was measured. A magnesium 
oxide specimen was substituted f o r  the experimental specimen. 
the surface of the magnesium oxide specimen was measured. 
total area was used for each measurement. The brightness of the surface was 
uniform to within +3 percent at any point on the specimen, 

The brightness of 
Five percent of the 
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APPENDIX E 

ULTRAVIOUT DEGRADATION MEAS-TS 

Description of Equipment 

The source of the  u l t r a v i o l e t  radiat ion w a s  a 900-watt high-pressure mer- 
cury a r c  (air  cooled). The l i g h t  from t h e  source w a s  col lected and directed t o  
t h e  sample by a fused s i l i c a  o p t i c a l  system. The specimen w a s  i r r a d i a t e d  with 
a s t rongly convergent beam. 

The specimen w a s  mounted inside a 5-inch-diameter Pyrex tee.  
mownted on an ion vacuum pump. The radiat ion from the lamp enters  the  t e e  
through a 1/Z-inch-thick fused s i l i c a  window. 

The t e e  w a s  

Test Specimen Preparation 

The specimens t o  be i r r a d i a t e d  consisted of a 1-inch-square s t a i n l e s s - s t e e l  
sheet. The coating t o  be t e s t e d  w a s  applied t o  one s i d e  only; t h e  specimen w a s  
then fastened t i g h t l y  t o  a copper plate .  
means of  four  s t a i n l e s s - s t e e l  posts approximately 2 inches long. Heater wires 
were wrapped around t h e  supporting posts. 
supplied, t h e  temperature of the  specimen could be controlled.  The temperature 
of the specimen w a s  measured by a thermistor attached t o  t h e  s ide of t h e  copper 
mounting p l a t e  opposite t h e  specimen. 

The copper p l a t e  w a s  supported by 

By manual adjustment of the  power 

Test Procedure 

Before t h e  end p l a t e  supporting the  specimen w a s  fastened t o  the  Pyrex tee ,  
a measurement w a s  made of i n t e n s i t y  of t h e  radiat ion reaching t h e  specimen loca- 
t ion.  The end p l a t e  w a s  then attached, and the  systemwas evacuated. A sample 
of the  beam w a s  monitored t o  ensure that constant power w a s  being received by 
t h e  specimen. Data recorded were time of  i r rad ia t ion ,  specimen temperature, 
pressure i n  t h e  t e s t  chamker, heater power, and source intensi ty .  
of i n t e n s i t y  of rad ia t ion  reaching the specimen and time of exposure is the  
t o t a l  exposure of t h e  specimen, 

The product 

Errors 

Information per t inent  t o  estimating errors  i n  the  experiment i s  given sub- 
s e quent l y  . 

- The spectrum of t h e  lamp i s  given in  reference 11. "he spectrum shown 
there in  i s  modified in t h i s  appl icat ion by passing through approximately 1 inch 
of fused s i l i c a .  

The amount of rad ia t ion  s t r i k i n g  t h e  specimen with a wavelength of 0.25 t o  
0.4- micron w a s  measured with a thermopile. The same thermopile was used i n  
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measuring the  u l t r a v i o l e t  port ion of t h e  carbon-arc solar-simulator radiat ion.  
The u l t r a v i o l e t  radiat ion i n t e n s i t y  w a s  measured by eliminating the  v i s i b l e  and 
inf ra red  radiation with Corning 9863 and 3486 fi l ters,  

I mn nr,m-hr\n -P "-1 -.., -e,,+, -43 . , l + ~ ~ . - . I ~ l  -+ - ^ A 2  .t.--f d-.-& 
-LAAc- I . A - i A U L . L  u " A u  c . v 1 1 ~ u a 1 b u  VI U I U - L ~ V L V I C U  I ~ U L L ~ ~ I U I I  I L I C I U C L I ~  mi t h e  

specimen was calculated from 

where 

N number of so la r  constants incident on thermopile 

mi l l ivo l t  output of thermopile with 9863 f i l t e r  i n  place 11 

m i l l i v o l t  output of thermopile with 9863 and 3486 f i l t e r s  i n  place I1+2 

m i l l i v o l t  output of thermopile i n  sunlight or of carbon-arc solar simu- 
l a t o r  i n  band of wavelength ranging from 0.25 t o  3.0 microns 

IO 

and K i s  defined as 

K = 7, qJo  = 0.067 

A=O. 25 

where 

Th transmission of 9863 f i l ter  

Jo f rac t ion  of t o t a l  so la r  rad ia t ion  in wavelength band from Johnsons data  
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TABLE 111. - VAl'JGu&3D 111 PENETRATION DATA 

(FROM GODDARD RESFJLRCH CEXTER) 

r x p e r i m e n t a l  parameters I 
Exposed area per segment, sq f t  
Thickness of exposed area, in .  
Material exposed 

1.657 
0.027 

Magnesium 

I Exposure d a t a  

72 2 I Exposure t i m e  (from launch), days 
Number of segments surviving 

TABm N. - THERMAL-VACUUM TEST RESULTS 

[Individual  sensor assemblies. ] 

Sensor 
number 

Pre s sure, 
Hg 

Dura- 
t ion,  
hr  

Cempe rat  ure, 
OF 

Tota l  
time of 
cycles, 

h r  

Comments 

1 1x10'4 20 2 30 -- Temperature cont ro l  
fa i led ;  sensor f a i l e d  
at 290° F 

2 66 190 -- Sensor f a i l e d  when 
bleed valve was  
opened 

3 336 200 Removed f o r  inspectior: 

29 2 50 Heater f a i l e d  

2x10- 17 255 -- Increased temperature 

300 -- Sensor f a i l e d  at 
300° F 

4 5 ~ 1 0 - ~  336 2 60 -- Removed f o r  inspect ior  

5 5~10'~ -- Removed f o r  inspect ior  336 

341 

2 60 

-50 t o  250 80 Removed f o r  inspect ior  5~10'~ 

5~10'~ 79 -40 t o  200 23 Removed f o r  inspect ior  

5~10'~ 6 and 7 -30 t o  190 Removed f o r  inspect ior  122 23 
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Conductor grid dimensions A 
\ 

n 
I 

0.003 - 0.006 Stainless st 

, 
' Grid, 0,00009 gold-" 

Figure 1. - Gold grid sensor. ( A l l  dimensions are in inches.) 
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C -55038 

Figure 2.  - Sensor with attached lead  wires. 
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Curve I Whipple ( ref .  5) 
Curve I1 McCracken, e t  a l .  (ref.  6 )  
Curve 111 Watson (ref .  7 )  
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Skin thickness, in. of  s t a i n l e s s  &eel 
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3 10 

Figure 4. - Penetration r a t e  estimates. Impact velocity, 15 kilometers 
per second; micrometeoroid density, 2 . 7  grams per cubic centimeter: 
Summers' penetration c r i t e r i a  f o r  quasi-infinite ta rge ts  (ref.  8 )  
multiplied by 1.5. 
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L 

rLocking screw 

rSpr ing  washer 

Gold-plated brass  tube 
( solder post f o r  
e l e c t r i c a l  leads from / from sensors --- 
sensor and telemetry)’ 

3 

Figure 6. - Sensor e l e c t r i c a l  connections and mounting d e t a i l s .  
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Figure 7. - Frequency channel c i r c u i t  f o r  sensor 
interrogation. 

38 



d 
a! 

0 
m 
M 

0 c 
c- 

0 
ri 

M 

Ti a 
Ld 
N 

m 
k 

9 g 
k 
a, 
ri 
a, 
V 
0 
a! 

k 
0 
k 

x 
2 
k 
.d u 

Ld 
h 

.J 

c 
0 
0 m 
N 

m d a a 
ld 

0 
bo m * 
rl 
rl 0 
.d c, 
0 
m k  0 
O a J  

39 



0 0 
d 

0 cv 

bo 

d > z 
I 
0 cu 

d 
cr 

d 

id- cu 
h 
d h  
Pa, 
fc, m a ,  
m E  
m o  
Klk 
uri s a  
M O  d o  
did I n- 

I 

0 0 o m  o m 0  0 0 -+ M cu rl r l d  

k 
0 
k 

m 
0 0 -  

k d o  - 
d 

- r i  a, ri 
h 3 c r  

m i d  cr 
a, h e  
E 
k 
rl 
a, 
0 

s - 
c 
-7 

u 
& 

d 
a, 
0 
0 
Kl 

bo 

> d 

2 

[ D d  

0 
-cu 

0 -  
0 m 0- 
d 

40 



Scope d e e p  t r i p  '0.01 ' 
k c  4 

Increasing time - 
Figure 10. - Shock t e s t  r e s u l t s  f o r  second f l i g h t  assembly ( typ i -  

c a l  oscil lograph camera record of drop t e s t ) .  
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